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CONVERSION FACTORS AND ABBREVIATIONS

Conversion factors for the terms used in this report are given for
readers who prefer to use inch-pound units rather than International System

(SI) units.

Multiply SI unit

millimeter (mm)
meter (m)

kilometer (km)
cent imeter (cm)

square meter (m?)

hectare (ha)

square kilometer (km?)

cubic meter (m3)

liter (L)

liter per second (L/s)
cubic meter per second (m3/s)
cubic meter per day (m3/d)

meter per day (m/d)

degree Celsius (°C)

picocurie per milliliter

By
Length

0.03937
3.281
0.6214
0.3937

Area

10.76
1.196
0.0002471
2,471
0.3861

Volume

35.31
1.307
0.0008107

264, 2

1.0577
Flow
0.03531

35,31
0.0004086

Hydraulic Units

F = (9/5

3.281

Temperature

Other Abbreviation

°C) +32

(pCi/mL)

To obtain inch-pound units

inch (in)
foot (ft)
mile (mi)
inch (in)

square foot (ft2)
square yard (yd?2)
acre
acre
square mile (mi?)

cubic foot (ft3)
cubic yard (yd3)
acre-foot (acre-ft)
gallon (gal)

quart (qt)

cubic foot per second (ft3/s)
cubic foot per second (ft3/s)
cubic foot per second (ft3/s)

feet per day (ft/d)

degree Fahrenheit (°F)

National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic datum

derived from a general ad justment of the first-order level nets of both the
United States and Canads, formerly called "Mean Sea Level.”
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Simulation of Ground-Water Flow Near the Nuclear-Fuel
Reprocessing Facility at the Western New York Nuclear
Service Center, Cattaraugus County, New York

By Richard M. Yager
ABSTRACT

A two-dimensional finite-difference model was developed to simul ate
ground-water flow in a surficial sand and gravel deposit underlying the
nuclear—-fuel reprocessing facility at Western New York Nuclear Service Center
near West Valley, N.Y. The sand and gravel deposit overlies a till plateau
that abuts an upland area of siltstone and shale on its west side, and is
bounded on the other three sides by deeply incised stream channels that drain
to Buttermilk Creek, a tributary to Cattaraugus Creek. Radioactive materials
are stored within the reprocessing plant and are also buried within a till
deposit at the facility. Tritiated water is stored in a lagoon system near
the plant and released under permit to Franks Creek, a tributary to Buttermilk
Cr eek.

Ground-water levels predicted by steady-state simulations closely matched
those measured in 23 observation wells, with an average error of 0.5 meter.
Simulated ground-water discharges to two stream channels and a subsurface
drain were within 5 percent of recorded values. Steady-state simulations used
an average annual recharge rate of 46 centimeters per year; predicted evapo-
transpiration loss from the ground was 20 centimeters per year. The lateral
range in hydraulic conductivity obtained through model calibration was 0.6 to
10 meters per day. This range compares favorably with that calculated from
slug tests at observation wells, although the mean value of 4.0 used in the
model is considerably higher than the geometric mean value of 0.6 meter per
day obtained from slug-test data.

Model simulations indicated that 33 percent of the ground water
discharged from the sand and gravel unit (2.6 liters per second) is lost by
evapotranspiration, 39 percent (3.0 liters per second) flows to seepage faces
at the periphery of the plateau, 20 percent (1.6 liters per second) discharges
to stream channels that drain a large wetland area near the center of the pla-
teau, and the remaining 8 percent (0.6 liter per second) discharges to a sub-
surface french drain and to a wastewater-treatment system.

Ground-water levels computed by a transient-state simulation of an annual
climatic cycle, including seasonal variation in recharge and evapotranspira-
tion, closely matched water levels measured in eight observation wells. The
difference between computed and observed ground-water levels could largelv be
explained by uncertainty in the timing and volume of recharge. The hvdraulic
conductance of seepage faces was varied seasonally to match measured base
flows.

The model was used to delineate ground-water flow paths and to estimate
travel times from potential sources of radioisotope contamination to discharge
areas on the plateau. The model predicted that the subsurface drain and the



stream channel that drains the wetland would intercept most of the recharge
originating near the reprocessing plant. A slug of water introduced at the
main plant building would take approximately 500 days to reach either
discharge point.

The model also was used to simulate ground-water flows of 1972, when
tritium was detected in ground water discharging into the wetland. Flow paths
predicted by the model do not support the assumption that leakage from waste-
water lagoons 200 meters south of the wetland was the source of the tritium.

INTRODUCTION

The Western New York Nuclear Service Center is on a 1,350-ha tract of
land acquired in 1961 by the New York State Office of Atomic Development near
the village of West Valley in northern Cattaraugus County, about 48 km south
of Buffalo (fig. 1). 1In 1963, the U.S. Atomic Energy Commission issued a per-
mit to a private operator authorizing development of about 100 ha of the tract
for construction of a nuclear-fuel reprocessing plant and its facilities. The
facilities included a receiving and storage facility for irradiated fuel rods,
an underground tank complex for storage of liquid high~level radioactive
wastes generated by reprocessing, and a low—level radioact ive-wastewater—
treatment plant. The site also included two areas for shallow burial of solid
radioactive wastes——a 4—ha area licensed by the State of New York for burial
of commercial low-level radioactive wastes and a 2.9-ha area previously
licensed by the U.S. Nuclear Regulatory Commission for burial of radioactive
materials from the reprocessing plant, called the facility's disposal area.
Locations of the facilities are shown in figure 2.

In 1982, the reprocessing plant was turned over to the U.S. Department of
Energy (DOE), which contracted the operation of the facility to a private
operator, West Valley Nuclear Services, Inc.

The aim of the DOE is to decommission the reprocessing facilities and to
solidify the high-level liquid radiocactive waste stored at the site for future
disposal at a high—-level-waste repository.

The U.S. Geological Survey conducted studies from 1975 through 1980 to
evaluate the potential for radioisotope migration from the State-1icensed
burial ground. The studies were part of a national program to determine the
principal factors that control the subsur face movement of radioisotopes.
Compl ementary studies by the New York State Geological Survey were done to
evaluate other processes of radioisotope migration from the burial ground
(Prudic, 1986).

In 1980, the U.S. Geological Survey, under contract with the U.S. Nuclear
Regulatory Commission, began a study to investigate the hydrogeology and
ground-water flow near the reprocessing plant and its facilities. The repro-
cessing plant is on the 42-ha north plateau, which is separated from the
burial ground and facility's disposal area by a deeply incised stream channel,
Erdman Brook. A campanion study, also begun in 1980, examined the hydro-
geology and ground-water flow in the facility's disposal area (Bergeron and
Bugliosi, in press).
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Purpose and Scope

This report describes (1) hydrogeologic conditions and ground-water flow
near the reprocessing plant and its facilities on the north plateau, (2) the
reprocessing—plant facilities and the migration of radioisotopes in the area,
(3) ground-water flow patterns on the north plateau within the surficial sand
and gravel deposit, (4) the development and calibration of a two-dimensional
finite-difference model used to simulate steady—- and transient-state flow
within the surficial material, and (5) the application of the model to analyze
past tritium migration and to predict flow paths and velocities of ground
water from two potential sources of tritium detected in 1972.

Acknowledgments
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professor of Agricultural Engineering at Cornell University, for assistance in
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SITE DESCRIPTION AND HISTORY

The Western New York Nuclear Service Center was operated as a nuclear-
fuel reprocessing facility during 1966-72, during which time it received spent
fuel-rod assemblies from nuclear reactors and processed the fuel elements to
recover uranium and plutonium. Until 1975 the facility continued to receive
fuel-rod assemblies. In 1985 the site contained spent fuel-rod assemblies
that had not been reprocessed, high-level radioactive liquid wastes generated
by the recovery process, and a variety of low-level radioactive solid wastes
generated by the reprocessing facility and received from of fsite commercial
installations.

Reprocessing—Plant Facilities

The reprocessing plant consists of many facilities used in the recovery
process (fig. 3). Three of these-—-the fuel-receiving and storage area, the
high-level radioactive liquid-waste-tank complex, and the low-level radioac-
tive wastewater—treatment system (fig. 3)--contain radioactive liquid waste
and wastewater and are of concern as a potential source of radioisotope migra-
tion to ground water.

The fuel-receiving and storage area, which occupies the east part of the
main plant, was the point of entry for fuel-rod assemblies received at the
site. The area includes a fuel-storage pool in which the fuel-rod assemblies
were submerged in demineralized water that is kept between 27° and 32°C. The
fuel-storage pool is constructed of concrete lined with carbaloy paint and
contains 3.0 x 106 liters of water.

The high-level liquid-waste-tank complex (fig. 3) serves as a temporary
repository for waste solutions from the recovery process used in the reproc-
essing facility. The tank complex consists of two underground concrete vaults,
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each of which encases two cylindrical stainless-steel tanks. The entire
complex is backfilled with 8 m of silty clay till. An external hydraulic
pressure is maintained by a water—injection system in a l.2-m layer of pea
gravel beneath the tank complex to prevent leakage from the concrete vaults.
Nearly 98 percent of the 2.2 x 10°® liters of liquid waste is stored in one
tank. Vapor ventilated from the concrete vault is regularly monitored for
radioactive leakage from the storage tanks.

The low-level wastewater—treatment system, 100 m east of the main plant,
was designed to remove radioisotopes from wastewater generated by reprocessing
operations and to release the treated water to surface water at a controlled
rate. Since the shutdown of the reprocessing plant in 1972, the system has
treated 20 to 60 x 10® m/yr of wastewater from (1) precipitation that had
infiltrated into the State-licensed burial ground, (2) condensate from the
cooling system of the fuel-storage pool, and (3) rinse water from decontamina-
tion activities.

The facility originally included five lagoons for storage of processed
and unprocessed wastewater. A schematic diagram of the low—level-radioactive
wastewater system showing the relative sizes of the lagoons and direction of
flow is given in figure 4. The wastewater entered the system through lagoon
1, passed to lagoon 2 for temporary storage, and was periodically withd rawn
from lagoon 2 and back through lagoon 1 for treatment. The treated water was
pumped to lagoons 4 and 5 and then drained to lagoon 3, from which it was
released to Erdman Brook (fig. 2). 1In 1984 lagoon 1 was backfilled, and
wastewater was discharged directly into lagoon 2,

LOW-LEVEL-RADIOACTIVE
WASTEWATER-TREATMENT PLANT } ‘
[ T—
SLUDGETOBURAL @4 — — — — — — — -
- = n LAGOON 4 LAGOON 5

&ng i

INTERCEPTORS
PROCESSING-PLANT
WASTE e -
LAGOON 1] LAGOON 2 LAGOON 3
>
NEUTRALIZER PIT ?
|
|
FROM DISCHARGE WEIR
WASTE-BURIAL

TO ERDMAN BROOK

Figure 4.--Flow diagram of low-level radioactive wastewater-treatment
system., (Modified from U.S. Department of Energy, 1979.)



A subsurface (french) drain was installed on the north and west sides of
lagoons 2 and 3 to intercept and reduce ground-water seepage into them. The
drain consists of a 15-cm-diameter perforated pipe buried about 3 m below land
surface. The drain discharges to Erdman Brook east of lagoon 3. (See fig. 3.)

Migration of Radioisotopes

Migration of radioisotopes from the reprocessing facility has been docu-
mented by radiation surveys of the land surface and soil samples (L. Roberts,
West Valley Nuclear Services Co., written commun., 1984). Gamma-radiation
surveys on the 42-ha north plateau detected surface radiation 10 to 100 times
the background level recorded offsite. The shape of the radiation field indi-
cated that the probable source of the surface contamination was particulate
fallout from the ventilation stack of the main plant building. A soil-
sampling survey showed that surface deposits of particulate radioactive
materials were retained in the upper 25 c¢m of soil (L. Roberts, written
commun., 1984). This indicates that most radioactive-decay products generated
by the reprocessing facility adsorb readily to clay surfaces in subsurface
materials and do not tend to migrate with ground water.

Tritium is the most mobile radioisotope found in ground water and is the
only one detected in ground-water samples from the north plateau (L. Roberts,
written commun., 1984). Concentrations of tritium at selected locations are
listed in table l. Above-background concentrations were detected in 1972 in
ground water that discharged to the wetland and the french drain. In response
to this discovery, several shallow wells were installed near the main plant to
determine the tritium source. Analysis of water samples from these wells
indicated that the low-level wastewater-treatment system was the probable
source of tritium in ground water. Fallout from the ventilation stack was
less likely to contribute tritium to ground water because the tritium emerged
from the stack in the form of water vapor and would thus be carried away from
the plateau by air currents.

Table 1.--Tritium concentration of liquid waste and waste-
water in reprocessing-plant facilities, 1979.

Location Concentration (pCi/mL)
Fuel-storage pool 600
High-level liquid-waste tank 22,000
Lagoon 1 1,500-100, 000
Unaffected areas 2

(background levels)

The concentrations of tritium in ground water that discharged to the
wetland and the french drain during 1973-81 are plotted in figure 5; those in
wells near the lagoons in 1974 and 1978 are shown in figures 6A and 6B,
respectively. The abrupt rise in tritium concentration at the french drain in
1976 is attributed to overflow from lagoon 3. The concentrations declined as
the lagoon was emptied but remained above the background concentration in
samples collected offsite. The source of this continuing radioactivity was
assumed to be lagoon 1, which was unlined and hydraulically connected to
ground water. Lagoon 1 was backfilled in 1984 and is no longer part of the
treatment system.



The concentrations of tritium in ground water at wells near the lagoons
in June 1974 are shown in figure 6A. Tritium concentrations at most wells
declined after lagoons 4 and 5 were sealed with rubber liners in October 1974
and reprocessing activities ceased; the concentrations at the same wells in
1978 are shown in figure 6B. Tritium concentrations were generally highest
near lagoon 1, but relatively high tritium concentrations were also found in
wells north of the reprocessing plant. The tritium in ground water north of
the plant could have originated from contamination that has occurred beneath
the main plant building (New York State Department of Environmental
Conservation, 1975, p. 12). Other possible sources could be tritium released
from the ventilation stack during cold weather and carried to the land surface
by snowfall, or leaking containers of tritiated water that may have been
stored on the hardstand, a small paved area north of the reprocessing plant
(fig. 3).

10,000 T T T T T T T
1,000 .
X
— x

\x \

00 * X
100} -

T~ FRENCHDRAN X

\x\

WETLAND _
°r "/x\*\ / ]
X

Normal Background Concentration Recorded Offsite

TRITIUM CONCENTRATION, IN PICOCURIES PER MILLILITER

1974 1978 1976 1977 1978 1979 1980 1981

Figure 5.--Tritiun concentrations in ground water that discharged
to the wetland and french drain, 1974-81.
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HYDROGEOLOGIC SETTING

Drainage

The study area lies along the west side of the Buttermilk Creek valley
(fig. 1). Buttermilk Creek flows northwestward along the east side of the
site to Cattaraugus Creek near Springville, about 3 km north of the site.
Cattaraugus Creek drains to Lake Erie.

Franks Creek, a major tributary to Buttermilk Creek, drains the entire
site. It has a drainage area of 6.35 km? and borders the north plateau on the
east (fig. 2). Two of its smaller tributaries, Quarry Creek and Erdman Brook,
border the north plateau on the northwest and southeast, respectively.

The north plateau is drained by three small unnamed tributary streams.
The westernmost stream, with a gaging station designated North Plateau 1
(hereafter referred to as NPl), drains the west side of the plateau and is
tributary to Quarry Creek (fig. 3). The gaged drainage area is 10.4 ha. The
second stream is upstream from gaging station NP3 (fig. 3) and is intermit-
tent; it drains 9.8 ha and is tributary to Franks Creek. This channel
receives flow from the center of the plateau, including the wetland and most
of the reprocessing facilites. The third stream drains a l.8-ha area upstream
from the partial-record station designated NP2 (fig. 3); it also is intermit-
tent and is tributary to Franks Creek. This channel was the outlet of the
wetland, which now drains past station NP3 ,as a result of topographic modifi-
cations during site development. Most of the water discharged from the
easternmost 7.5 ha of the plateau is from the main plant's steam—-condensation
system combined with overflow from the plant's water-supply system. The
french-drain system that surrounds Lagoons 2 and 3 (fig. 6B) also discharges
perennially to Erdman Brook.

Climate

Mean annual temperature at the site is 7.2°C. The wammest month is July,
with a mean temperature of 19.6°C; the coldest month is February, with a mean
temperature of -5.7°C. Mean annual precipitation is about 100 cm; this amount
is distributed fairly evenly throughout the year.

Monthly precipitation and estimated potential evapotranspiration (fig. 7)
were used to estimate total recharge to ground water on the north plateau from
October 1982 through September 1983. Approximately 13 percent of the precipi-
tation flows over the surface of the north plateau as storm runoff (Kappel and
Harding, 1987). Estimated potential evapotranspiration was calculated by a
method based on the Penman equation (Steenhuis and others, 1983). The maximum
and minimum daily temperature values used were those recorded at weather sta-
tions in Gowanda, Franklinville, and Arcade (fig. 1); percent cloud cover and
average wind speed were recorded at the Buffalo Airport. Annual precipitation
for the 12-month period was 92 cm, and the potential evapotranspiration was
estimated to be 90 cm., Evapotranspiration from native grasses alone would be
68 cm, assuming a consumptive-use coefficient of 0.75 (Gray, 1970, p. 354).
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Figure 7.--Monthly precipitation and potentidal evapotranspiration on the
north plateau, October 1982 through September 1983.

Geology

The Western New York Nuclear Service Center site is in the glaciated
section of the Appalachian Plateau in western New York State, an area charac-
terized by deeply dissected glacial drift overlying shale and sandstone. The
north plateau consists of a sequence of glacial and postglacial deposits that
reflect successive periods of glaciation as described by LaFleur (1979).
Geologic data were available from 11 test borings completed by the U.S.
Geological Survey and 87 test borings and pits completed by other investiga—
tors. Logs of these borings are presented in Bergeron (1985). Locations of
wells and test borings in the study area are shown on plate 1.

The plateau is covered by a layer of silty sand and gravel deposited as
an alluvial fan at the edge of a postglacial lake that formed in the
Buttermilk Creek valley during the recession of the last ice margin. This
deposit overlies a sequence of till deposits that probably correspond to three
advances of the ice margin into the Buttermilk Creek valley. The till deposits
are separated by lacustrine silt and sand, and by alluvial sand and gravel
deposited during the recession of each ice margin. This sequence is depicted
in section A-A' in figure 8A (lines of section are shown in pl. 1).

The surficial sand and gravel deposit and the underlying glacial deposits
have been eroded by Buttermilk Creek and its tributaries to a maximum depth of
40 m. Today, the plateau area is bordered on three sides by gullies. The
shale bedrock is at land surface at the southwest edge of the plateau, where
it is in contact with the surficial sand and gravel.

13
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and others, 1987.)

Water—Bearing Units

Unconfined ground water saturates the lower part of the surficial sand
and gravel where it immediately overlies the till. The general position of
the water table and the direction of ground-water flow through the surficial
sand and gravel along section B-B' are shown in figure 8B. The saturated
thickness of the sand and gravel on May 10, 1983 is depicted on the map shown
in figure 9 (p. 16).

The sand and gravel deposit varies in composition but averages 55 percent
gravel, 20 percent sand, and 25 percent silt. It is mostly silty gravel with
some sand and has a high hydraulic conductivity. Where the deposit is thick,
it contains thin layers of gravelly silt of lower hydraulic conductivity. The
sand and gravel on the lower (central) part of the north plateau near well
80-6 (pl. 1) is covered with 3 m of silty till that was applied as fill to
cover a wetland area.
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May 10, 1983. (Line of section is shown on pl. 1.)

The only other major water-bearing unit on the north plateau is the upper
1 m of the shale bedrock. The upper part of the bedrock is fractured and
yields approximately 0.6 L/s to borehole 83-4E (fig. 8A).

Although largely saturated, the till deposits underlying the surficial
sand and gravel do not transmit significant quantities of ground water bhecause
of their low hydraulic conductivity. The recessional deposits of sand and
silt that separate the till deposits are also partly saturated and yield some
water to borehole 83-4E (fig. 8A). However, the thickness and low hydraulic
conductivity of the till deposits restricts ground-water flow to the lower
recessional deposits and bedrock units. Thus, the surficial sand and gravel
unit is the most significant aquifer near the reprocessing-plant facilities.

HYDROLOGY OF THE SURFICIAL SAND AND GRAVEL

The following discussion is based on data collected from October 1981
through September 1983 and on the results of the ground-water flow model simu-
lations discussed further on. During the data-collection period, ground-water
levels were measured monthly in 25 observation wells finished in the surficial
sand and gravel, and slug tests were done to obtain estimates of hydraulic
conductivity for use in the model. Streamflow in the two intermittent-stream
channels that drain the north plateau to Quarry and Franks Creek was recorded
continuously at stations NP-1 and NP-3. Altitudes of springs and seepage
faces along the periphery of the plateau were surveyed, and discharges from
these areas were measured periodically.
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Flow Direction Under Undisturbed Conditions

Ground water in the surficial sand and gravel flows radially away from
the apex of the alluvial fan at the upland (southern) boundary and northeast-—
ward toward stream channels bordering the plateau. Some of the water from the
fractured bedrock along the upland boundary probably enters the sand and
gravel deposit; the remainder moves northward within the bedrock. Ground-
water flow through the sand and gravel is. predominantly horizontal, and
leakage into the underlying till is inconsequential. Discharge from the sand
and gravel occurs by evapotranspiration and by seepage to intermittent-stream
channels that drain the plateau and to springs and seepage faces above the
contact between the gravel and till along the periphery of the plateau. The
directions of ground-water flow through the sand and gravel, shown in figure
10, are based on ground-water levels recorded in May 1983 and the altitudes of
springs.

Influence of Plant Facilities on Ground—-Water Flow

The plant facilities indicated on figure 3 have altered the natural
ground-water flow pattern by obstructing flow in some areas and providing pre-
ferential discharge points in others. The effects of these structures are
discussed below.

High-Level Liquid-Waste-Tark Complex

The high-level liquid-waste—-tank complex and the fuel-storage pool fully
penetrate the surficial sand and gravel deposit and prevent the flow of ground
water through these areas. The backfill that surrounds these structures is
less permeable than the original materials, and this restricts ground-water
flow.

Drainage Structures

Two drainage structures—--the french drain adjacent to lagoons 2 and 3 and
the ditch connecting the wetland to the stream channel above station NP-3
(fig. 9)--were installed to dewater parts of the north plateau. These sta-
tions receive most ground-water discharge, and ground water flows toward these
areas. Flow at both stations is continuous through the year.

Wastewater Lagoons

The low-level waste-treatment system has influenced the ground-water flow
system in the past by serving both as a source of recharge and a point of
discharge. Lagoons 4 and 5 were built above land surface in 1971 and,
although their bottoms were sealed with silty clay till, wastewater leaked to
the surficial sand and gravel. In 1974 the lagoons were lined with a synthe-
tic material to prevent further leakage. Lagoons 2 and 3 were both excavated
into the till underlying the sand and gravel, yet wastewater can leak into the
surficial deposits whenever the water level in the lagoons rises above the
contact between the till and the gravel. Since such an incident in 1976,
water levels have been controlled to prevent lateral leakage from the lagoons.
The french drain has reduced seepage to lagoons 2 and 3, but seepage still
occurs along the southwest face of lagoon 2.
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Before lagoon 1 was removed from the low-level waste-treatment system in
1984, it was hydraulically connected to ground water in the surficial sand and
gravel, which allowed leakage both to and from the lagoon. Lagoon 1 accepted
wastewater from the reprocessing facility and the burial grounds only period-
ically; most of the time, ground water seeped into lagoon 1 and flowed from
there into lagoon 2., During periods in which wastewater was transferred into
lagoon 1, the temporary increase in hydraulic head probably caused leakage from
the lagoon into the ground water. The lagoon also caused a net loss of ground
water through evaporation and overflow into lagoon 2 and thus represented a
ground-water—discharge point.

Other Structures

Other structures that influence ground-water flow through the surficial
sand and gravel are plant buildings and parking lots, which, together with the
lagoons, drain to stream channels and have reduced by 17 percent the permeable
area on the plateau through which rainfall can infiltrate and recharge the
ground-water system. Potential sources of ground-water recharge include a
septic~tank leach field attached to the maintenance shop, possible leaks from
underground water lines northeast of the plant, and infiltration from the
plant's outfall channel that crosses the sand and gravel near lagoon 1
(fig. 3). The outfall channel carries condensate and backwash from water
filters and discharges to Erdman Brook east of lagoons 2 and 3. (See fig. 3.)

Water-Transmitting Properties of Sand and Gravel Deposit

Hydraulic conductivity of the sand and gravel was estimated from slug-
test data and later modified during calibration of the flow model. The proce-
dure for estimating hydraulic conductivity from slug-test data is explained in
the appendix. The assumed lateral distribution of hydraulic conductivity is
shown in figure 11, The range of values, 0.6 to 10.0 m/d, compares favorably
with the range obtained from slug tests (see table 7, further on), although
the average value of 5.0 m/d is significantly higher than the geometric mean
of 0.6 m/d from slug-test results. This difference is probably due to errors
in interpretation of the slug-test data, as discussed in the appendix.

Low hydraulic-conductivity values are associated with backfilled areas
near the main plant building, the high-level liquid-waste complex, and the
low-level waste-treatment facility. The low hydraulic conductivity in these
areas causes a steeper hydraulic gradient west of the main plant than to the
north (fig. 10). Areas of high hydraulic conductivity correspond to a buried
stream channel on the surface of the till underlying the sand and gravel and
produce the flatter gradient north of the plant. The channel may be an ero-
sional feature that marks the location of a former stream channel cut into the
surface of the till plateau. The resulting channel deposit would be composed
of coarser material than that of the surrounding area. The location of the
channel is shown in figure A-1 in the appendix.

The specific yield of the surficial sand and gravel was assumed to range
from 0.10 to 0.25 in accordance with values reported in Todd (1980, p. 38).
Lower values correspond to areas with a high silt content or to areas where a
confining layer of silt and clay or fill overlies the deposit. Higher values
were assumed to represent areas of well-sorted sand and gravel.
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Recharge

Ground water enters the sand and gravel on the north plateau as precipit-
ation that percolates into the soil and as underflow from the fractured
bedrock along the upland (southern) boundary. The estimated magnitude of flow
from these sources is given in the ground-water budget in table 2. Some
recharge may emanate as leakage from the main plant's outfall channel (fig. 2),
underground water lines, and the leach field, but little information on these
sources is available.

Annual recharge from precipitation was indicated to be 50 cm/yr by a
mathematical model that simulates soil-moisture content (Steenhuis and others,
1983). The model predicted direct runoff and percolation from the soil pro-
file through a mass-balance approach to provide a daily accounting of soil-
moisture content. Soil moisture in the model was increased by precipitation
and snowmelt and decreased by evapotranspiration from the root zone. Daily
temperature was used to determine the timing and volume of snowmelt and evapo-
transpiration. The volumetric flux of water through the soil profile was
calculated as a function of the soil-moisture gradient and the saturated
hydraulic conductivity of the soil.

Daily values of precipitation used in the soil-moisture model were
averaged from data recorded at three rain gages on the north plateau (Kappel
and Harding, 1987). These values were increased by 10 percent to account for
the observed surface runoff. The correction factor is similar to the
magnitude-of-measurement error reported by Winter (1981, p. 86) for rain gages
installed above the land surface without use of wind shields. Daily tempera-
ture was averaged from records for the three weather stations mentioned
earlier, and potential evapotranspiration was calculated from the modified
Penman equation mentioned previously (Steenhuis and others, 1983). A
vegetative cover of grass was assumed to grow from May to October, with a
maximum root-zone depth of 90 cm in July. After subtracting losses through
sur face runof f, the model calculated that half the 100 cm of the remaining
rainfall becomes recharge, and half becomes evapotranspiration.

Table 2.--Ground-water budget for sand and gravel deposit on
north plateau, October 1982 through September 1983.

[Values are in centimeters per year.]

Recharge Discharge
Infiltration from Stream channels 13
precipitation 50 Springs and seepage
faces 21
French drains
Underflow from Low—-level waste—-
bedrock 12 treatment system 2
Vertical leakage to till 1
Leakage from main Ground-water
plant's outfall evapotranspiration 18
channel 4 Change in storage 4
Total 66 61

Mass balance error: 8 percent
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Underflow to the surficial sand and gravel was estimated from Darcy's law.
If the saturated thickness of the deposit is assumed to be 1.0 m, the cross-—
sectional flow area near the upland boundary is 380 m2. From figure 10, the
hydraulic gradient near the boundary is 4.5 m divided by 60 m or 0.075. From
an average hydraulic conductivity of 5.0 m/d, the volumetric flux, Q, is:

Q = (5.0 m/d)(380 m?2)(0.075) = 142 m3/d (1)

Expressed on an areal basis, annual recharge from underflow is 12 cm/yr. This
estimate could be in error by a factor as great as 4 as a result of uncer-
tainty in the saturated thickness and hydraulic-conductivity values in this
area. For this reason, the volume of underflow used in the ground-water—flow
model was included in a sensitivity analysis, discussed further on.

Infiltration from the plant's outfall channel, which discharges steam
condensate from the main plant building to Erdman Brook, was also simulated in
the model. Although this discharge is variable, a flow of 500 m3/d was
assumed representative of normal conditions on the basis of streamflow
measurements. Infiltration of 10 percent of this volume would give a recharge
rate of about 4 cm/yr. Potential recharge from other buried plant facilities
mentioned earlier was not considered in this model.

Discharge

Ground water discharges from the surficial sand and gravel through (1)
drainage to stream channels, springs, and seepage faces; (2) leakage to the
french drain and the low-level waste~treatment system; (3) vertical leakage
into the underlying till; and (4) evapotranspriation from the water table.
The estimated magnitudes of these discharges are given in table 2,

Ground-water discharge to stream channels was estimated to be 148 m3/d or
13 cm/yr over the entire surface area of the plateau. Discharges to stream
channels were estimated from continuous streamflow values recorded at stations
NP-1 and NP-3 (Kappel and Harding, 1987). Average monthly base flow at each
station was determined by applying base—flow-recession techniques described in
Todd (1980, p. 227) to streamflow hydrographs for October 1982 through
September 1983 (Kappel and Harding, 1987).

Ground-water discharges through springs and seepage faces are difficult
to measure because they occur over large, poorly defined areas. Some are
intermittent and cease during the summer. The estimated discharge to springs
and seepage faces of 240 m3/d or 21 em/yr is probably less than the actual
volume because not all discharge could be measured.

Volumetric measurements of discharge from springs and seepage faces along
the northeast and northwest sides of the plateau, which drain to Quarry and
Franks Creeks, indicated a total discharge of 20 m3/d or 1.8 cm/yr (Kappel and
Harding, 1987). Discharges along the south side of the plateau were estimated
indirectly from streamflow measurements made on Franks Creek in April 1978.
These measurements indicated that flow from Erdman Brook on this side of the
plateau contributed about 810 m3/d to Franks Creek. Subtracting from this
value the measured surface flow from low-level waste-burial-ground dArainage



and estimated flows from the french drain and the plant-outfall channel pro-
vided an estimate of seepage from the north plateau to this tributary of 180

to 260 m3/d (16 to 23 cm/yr).

Volumetric measurements of ground-water discharge from the french drain
were made in the spring, summer, and fall of 1983. Ground-water discharge
ranged from 19 to 27 m3/d (1.7 to 2.4 cm/yr). Ground-water discharge to the
low-level waste—treatment system was estimated by subtracting additions to the
lagoon from the reprocessing plant and losses through evaporation from the
measured increase in storage. The increase in storage in lagoon 2 was calcu-
lated for four periods from June through August 1983 during which no precipi-~
tation occurred. Ground-water discharges ranged from 9 to 40 m3/d and
averaged 26 m3/d (2.3 cm/yr).

Vertical leakage from the surficial sand and gravel to the underlying till
was estimated to be less than 1 em/yr. The calculation was made by applying
Darcy's law to a 1.0-m? area on the cill surface. The vertical hydraulic gra-
dient between the surficial deposit and the saturated lacustrine deposit below
it is approximately 1.0 m/m. (See fig. 8B.) The saturated hydraulic conduc-
tivity of the intervening till deposit was given by Prudic (1981) as 2.0 x
1078 cm/s (0.6 cm/yr). Vertical leakage (Q) from the sand and gravel is thus:

Q = (0.6 em/yr)(1.0 m2)(1.0) = 0.6 cm/yr (2)

Ground-water discharge through evapotranspiration includes the amount of
the soil-moisture deficit that is replenished by ground water and direct evapo-
ration where the water table is at land surface. The soil~moisture model pre-
dicted that the root zone would provide 50 cm/yr of the total evapotranspira-
tion loss of 68 cm/yr from native grasses, mentioned earlier. Evapotranspira-
tion losses from ground water would therefore total 18 cm/yr. This estimate
would be low for areas in which the water table is at land surface and high for
areas where the depth to water exceeds 1.0 m, the approximate base of the root
zone.

The annual change in ground-water storage in the surficial sand and
gravel was estimated from differences between water levels recorded in obser-
vation wells 80~-1 through 80-8 (pl. 1) in October 1982 and those recorded in
September 1983. Two wells on the upper (south) part of the plateau (80-1 and
80-2) showed an increase in water level; 80-8 showed no change, and the rest
showed declines. The cumulative change iundicated a net decline of 0.2 m.
Assuming a specific yield of 0,20, the change in storage represents a net
ground-water discharge of 4 cm/yr.

Seasonal Fluctuation of Ground—-Water Levels and Discharge

Ground-water levels in observation wells fluctuate as much as 2 m during
the year, and ground-water discharges to some stream channels, springs, and
seepage faces can change by nearly 100 percent. Seasonal fluctuations of
ground-water levels in well 80-8 south of the reprocessing plant and 80-4 near
the wetland from October 1982 through September 1983 are illustrated in figure
12; base-flow. discharges at two tributaries, the french drain, and springs and
seeps are given in table 3.
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Table 3.--Measured ground-water discharges from north
plateau in March, July, and October 1983.

[Drainage area 41.4 hectares.]
Measured discharge
(liters per second)

Location 3/3/83 7/5/83 10/6/83
NP-1 0.37 0.03 0.62
NP-2 .09 .03 .10
NP_3 1.76 059 lo 56
French drain at lagoons .28 $22 .31
Springs and seepage faces «58 .27 .62
TOTAL 3.08 1.14 3.21
430.5 ¥ ' ] LI L T T L] T L T
WELL 80-8 1982 WATER YEAR*
4300 — —~— 1983 WATER YEAR J
g
8
[72]
s
8
g
E 4205
'
4
g 4200
i a195
ke .
s
419.0
4185
*Water year extends from October through September of following year. \v’ -
1 L I 'l 'l 1 i ' A i
4180 —F—Nov " bEC [ AN FEB  MAR APR WAV JUN JUL AUG  SEP

Pigure 12.--Hydrographs of wells 80-4 and 80-8 on the north plateau,
water years 1982-83. (Well locations are shown on pl. 1.)

Seasonal Patterns

Water levels were highest in the spring after periods of snowmelt and
precipitation, when large ground-water discharges also occurred. Water levels
declined during the late spring and reached the lowest level in July, when the
rate of evapotranspiration was highest. Ground-water discharges generally
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declined by 60 percent from March through July, although flow from the french
drain remained fairly constant because the saturated thickness in that part of
the north plateau was sufficient to maintain discharge throughout the year.
Water levels rose with increased recharge in the fall, and ground-water dis-
charges returned to high levels in the spring. Water levels continued to rise
through the early winter until freezing temperatures began to limit recharge.

Ground-water levels and discharge fluctuate in response to seasonal var-
iation in recharge. Precipitation falls mainly as snow from December through
February and remains on land surface until it melts. Some of the snowmelt
infiltrates to ground water and, when the snowpack melts in March and April,
provides the greatest volume of recharge. Although brief warm spells can
occur during any of the winter months, the potential for infiltration during
mid-winter thaws is limited by the extent to which the soil remains frozen.

As temperatures increase and vegetation growth resumes during spring and
summer, evapotranspiration removes much of the moisture held in the unsatur-
ated zone. Evapotranspiration directly from ground water occurs in areas
where the water table is near land surface. Only a small amount of precipita-
tion recharges ground water during this period because evapotranspiration
keeps the moisture content of the unsaturated zone below saturation. Recharge
is possible during periods of extended precipitation, however, when the infil-
tration rate exceeds the evapotranspiration rate. Evapotranspiration dimin-
ishes with killing frost in the fall and thereafter allows a greater propor-
tion of the precipitation to recharge the ground water.

Calculations of Monthly Recharge for Transient-State Model

Seasonal changes in recharge were incorporated into transient-state simu-
lations discussed further on. Two sets of monthly recharge rates for October
1982 through September 1983 were used in the simulations; these were calcu-
lated from (1) the soil-moisture model previously mentioned, and (2) a method
based on the monthly soil-moisture deficit. The latter method uses precipita-
tion and evapotranspiration losses for each month and the annual recharge rate
determined by the soil-moisture model. Evapotranspiration rates were calcu-
lated by applying a consumptive-use coefficient of 0.75 to the monthly poten—
tial evapotranspiration values, shown in figure 7. Monthly recharge rates,
RECHj, were then calculated by:

Aj = PRECIP;  (RECHyyg - ETy)
PRECIP, g (3)
and
RECHi = A = Apin 4)
where: PRECIP; = measured precipitation in month i,
PRECIPavg = mean monthly precipitation,
RECHzyg = mean monthly recharge rate given by soil-moisture model,
ETy = estimated evapotranspiration rate in month i,
Apin = minimum value of A for i = 1 through 12, and
RECH{ = recharge applied to model for month i.

The A value defined by equation 3 is related to the soil-moisture deficit
and weights the recharge in each month by the measured precipitation and the
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estimated evapotranspiration rate. Equation 4 ensured that some recharge
occurred in every month for which 4; > Ayin because Ayin was less than zero.
Recharge was assumed to be zero in July (for which A; = Apip) and in January
and February, when the soil was largely frozen. Potential recharge from the
latter 2 months was assumed to occur in March.

Monthly recharge calculated by the soil-moisture model was greatest in
March and declined to zero by June. A lesser amount of recharge was calcu-
lated for September through December. Recharge calculated by the soil-
moisture-deficit method was distributed more uniformly through the year.
Monthly recharge rates calculated by the two methods are presented in
figure 13.
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Figure 13.--Monthly recharge rates, 1982-83, calculated by equations 3
ard 4 and by soil-moisture model used in transient-state
stmulations.

SIMULATION OF GROUND-WATER FLOW

The ground-water flow model developed in this study was calibrated to
ground-water levels and discharges measured on the north plateau during
1982-83., By calculating ground-water flow paths and velocities through the
surficial sand and gravel deposit, the model can be used to predict travel-
times of conservative solutes in the ground water. The model was calibrated
through steady-state simulations that represented average flow conditions and
transient—-state simulations that incorporated the ef fects of storage during a
l-year period, October 1982 through September 1983),



Flow Model

Ground water in the surficial sand and gravel on the north plateau is
unconfined and flows laterally, parallel to the surface of the underlying till.
Ground-water flow in this system can be described by the following partial
differential equation governing two-dimensional flow through a porous medium:

3 Tyx dh + 3 Tyy sh -—w=sy 3h
3x ax dy dy 3t (5)

]

where: x and y cartesian coordinates aligned on the major axes of
transmissivity, Tyy, Tyy,
hydraulic head (L),
volumetric flux per unit area representing sources
and/or sinks of water (L/t),
Sy = specific yield (dimensionless), and
t

t ime (t)o

h
1)

/]

]

The model used in this study solves a set of finite-difference approximations
to this equation. It uses a grid to divide the aquifer system into an array
of rows and columns. A complete discussion of the model derivation is given
in McDonald and Harbaugh (1984).

Design

The north plateau area was simulated on a finite-difference grid that
represents an area of 4l.4 ha. The model grid (fig. 14) contains 644 cells
(23 rows by 24 columns), of which 202 are inactive. Each grid cell represents
30.5 x 30,5 m, roughly 1/10 ha,

Model boundary conditions were selected to approximate the effect of real
hydrologic bondaries. The types and locations of boundaries used in the model
are indicated in figure 14, No-flow boundaries were specified to correspond
to the high-level 1liquid-waste-tank complex and the main plant building. The
surface of the underlying till was also treated as a no-flow boundary because
the quantity of flow through this unit represents less than 2 percent of the
estimated gr ound-water discharge from the north plateau (table 2).

The surficial sand and gravel is recharged by underflow from bedrock west
of the main plant building along Rock Springs Road (fig. 14). This boundary
was initially represented in the model by constant-head cells in which the
water table was maintained at a constant level, and later represented by
constant-flux cells. The volume of underflow entering the surficial gravel at
each constant-flux cell was determined by the model with the constant-head
boundary. A range of constant fluxes was then used with the steady-state
model to test the effect of underflow on the predicted hydraulic-head distri-
bution. Constant-flux cells were also used to simulate leakage from the out-
fall channel that drains the main-plant area.

Ground water discharges from the plateau to stream channels upstream from
stations NP1, NP2, and NP3, the french drain, and the low—-level waste-treatment
system (fig. 3) and also through seepage faces along the edges of the plateau.
These discharge points were simulated in the model by drains. Each drain
assigns seepage from a grid cell at a rate proportional to the difference in
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altitude between the water table and the drain. The model calculates the rate
of seepage through the equation:

Q = c(h-d) (6)
where: Q = seepage rate (m3/d),
C = conductance of the interface between the aquifer and
the drain (m2/d),
h = hydraulic head in the aquifer (m), and
d = elevation of the drain (m).

Drain conductance was defined as:

(7)

Hl%

where: A = average cross—-sectional flow area (mz),
hydraul ic conductivity of the interface (m/d), and
flow path length (m).

[l e
[

Drain altitudes used in the model were assumed to be 0.3 m above the surface
of the till to provide sufficient saturated thickness for seepage to occur.
Estimation of drain conductance is described in the discussion of hydraulic
conductivity further on.

Input Data

Hydraulic Conductivity.—-Hydraulic conductivity of grid cells ranged from

0.6 to 10.0 m/d, in accordance with the distribution shown in figure 4. The
model computed saturated thickness of each grid cell by subtracting the alti-
tude of the bottom of the gravel deposit from the altitude of the simulated
water—table surface. The bottom altitude of the surficial gravel was deter-
mined from a contour map of the surface of the upper till unit (Albanese and
others, 1983)., Altitudes of the till surface at the edge of the plateau were
interpolated from the altitudes of springs shown in figure 10,

Hydraulic conductivity of the surficial sand and gravel was used to esti-
mate the conductance term, C, in equation 6., McDonald and Harbaugh (1984)
discuss a variety of factors that may affect drain conductance, including the
thickness of the interface between the aquifer and the drain, and the differ-
ence in permeability between the aquifer material and drain material. No
information on the hydraulic properties of the interface was available. Drain
conductance was estimated on the assumption that the length of the flow path
through the interface was 0.3 m. The hydraulic conductivity of the interface
was assumed to be 0.03 m/d, which is within the range of values for fine sand
and silt (Todd, 1980, p. 71). Diagrams of the cross—sectional areas used to
estimate conductance of the four types of drains simulated by the model are
shown in figure 15, 1Initial estimates of drain conductance were modified
during calibration to improve model predictions of ground-water discharge and
hydraul ic head.

Recharge and Evapotranspiration.—-Ground-water recharge was assumed to
occur at a uniform rate across the north plateau. The amount of recharge
applied to each grid cell totaled 50 cm/yr, the value obtained from the soil-
moisture model mentioned earlier. This rate was later adjusted during cali-
bration to determine model sensitivity to recharge.
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Evapotranspiration from ground water on the north plateau is not uniform
but depends upon the depth of the water table. Evapotranspiration from each
grid cell in the model was determined from the function illustrated in figure
16. No evapotranspiration occurred in grid cells where the water table was
below the root zone, which was estimated to be 1 m thick. In grid cells where
the water table was at or above the land surface, evapotranspiration was
assumed to occur at the actual evapotranspiration rate. For water levels
within the root zone, the evapotranspiration rate was proportional to the
depth to water.
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The plant facilities and associated paved areas prevent recharge and
evapotranspiration over a significant area of the plateau. Active grid cells
in which recharge and evapotraunspiration were not allowed to occur are indi-
cated in figure 17.

Steady-State Simulations

Steady-state simulations were uased to calibrate the ground-water-flow
model to predict the mean annual water—table altitude. For the purpose of
this study, the simulated head distribution was compared with ground-water
levels measured in 23 observation wells on May 10, 1983, when water levels
were close to the mean of levels recorded from October 1981 through September
1983 (fig. 12). During this period, the total precipitation (92 cm) was
slightly lower than the mean annual rate of 100 cm/yr. Simulated ground-water
discharges were compared with mean daily discharges derived from the annual
discharges of stream channels above stations NP1, NP2, and NP3, and the french
drain.

Calibration

The model was calibrated by comparing simulated ground-water levels and
ground~-water discharges with those observed in the field. The calibration
procedure entailed trial-and-error adjustments of boundary conditions and
hydraulic conductivity, drain conductance, recharge, and potential evapotrans-
plration. Values were selected to cover the range of uncertainty associated
with each term. Progress in model calibration was measured by the mean abso-
lute difference of estimate between the simulated and observed hydraulic head
in the 23 observation wells, and the root-mean—square difference of estimate
between simulated and observed discharges into the NPl and NP3 channels and
the french drain.!

Sensitivity

Optimum coefficients obtained with the steady-state model are presented
in table 4, which also summarizes the results of sensitivity testing to eval-
uate each term's relative effect on simulated ground-water levels and
discharges. Results of 10 steady-state simulations are listed, in which the
calibrated value of a single variable was changed while the values of the

™M B

LOi—P_j;) >

1 Mean absolute difference =

[

n 211/2
root-mean-square difference =|Z (0i-Pi)
i U1
n

observed value at point 1, 1
predicted value at point i,
number of points.

where: 04
Py
n
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other four variables were held constant. The table includes the simulated
ground-water evapotranspiration value calculated for each simulation and the
resulting difference between observed and simulated values of water levels and
discharges.

Ground-water evapotranspiration served to reduce the effect of changing
the optimum values. In simulations that produced higher water levels than
were obtained with the optimum values, ground-water evapotranspiration
increased, which limited the resulting rise in water levels. Similarly, in
simulations in which water levels were lower, ground-water evapotranspiration
decreased. The effect was that water levels were restricted to a fairly
narrow range in all simulations used in the sensitivity analysis.

Recharge was the term to which the model was most sensitive in steady-
state simulations. Table 4 indicates that reducing ground-water recharge by
10 percent from 46 to 42 cm/yr increased the difference between simulated and
observed water levels from 0.51 to 0.75 m and the difference between simulated
and observed ground-water discharges from 4 to 18 percent. Decreasing
recharge also caused parts of the simulated area to go dry. Changes in
recharge also affected the volume of ground-water discharges. 1In general, the
lower values of recharge could not produce the discharges observed in the
stream channels at NP-1 and NP-3 nor those in the french drain.

Average hydraulic-conductivity values of the surficial gravel used during
steady-state calibration ranged from 0.6 m/d to 10.0 m/d. Decreasing the
optimum values of hydraulic conductivity by 50 percent increased predicted
ground-water levels by 1 m and produced much smaller ground-water discharges
than those observed. Doubling the optimum values lowered ground-water levels
and dewatered parts of the plateau. The spatial distribution of hydraulic
conductivity used in steady-state simulations significantly improved model
predictions. This can be seen by comparing errors associated with the optimum
model run with that based on a uniform hydraulic-conductivity value of 5.0 m/d
(table 4).

Changes in drain conductance affected the ground-water discharges and
some water levels near the seepage—face boundary. Discharge into the low-
level waste-treatment system was extremely sensitive to changes in water
level. A water-level decline of about 0.3 m caused a nearly fivefold decrease
in discharge. This predicted decrease in discharge agrees with the estimated
decrease in seepage losses to the lagoon during a period when the water table
declined by a similar amount.

The steady-state model was also sensitive to changes in underflow through
the upland boundary. Doubling the underflow caused water levels to rise 1l to
2 m in the upper (south) part of the plateau and greatly increased the rate of
evapotranspiration. Decreasing underflow by 50 percent lowered water levels
by a similar amount and dewatered a large section of the plateau.

Results

Water-level altitudes computed by the steady—state model and those
measured on May 10, 1983 are plotted in figure 18. The mean absolute differ-
ence between computed water levels and those measured in the field is 0.5 m,
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which is less than 5 percent of the 16-m difference between hydraulic head
measured at the highest and lowest points on the plateau. Ground-water levels
computed by the model are within 1.5 m of water levels measured in the 23
observation wells. The principal inflows and discharges of ground water pre-
dicted by the model are listed in table 5. The root-mean-square difference
between measured and simulated ground-water discharges to stream channels
upstream from stations NPl and NP3 and the french drain was 4 percent.
Discharges to the low—level waste-treatment system and the Franks Creek tribu~
tary compared favorably with spot measurements made at these points.

The ground-water budget computed by the steady-state simulations closely
parallels the budget given in table 3 (p. 24). The areal recharge rate of 46
cm/yr used was nearly 50 percent of the measured precipitation and slightly
lower than the 50 cm/yr predicted by the soil-moisture model. Underflow from
upland sources was estimated to be 17 percent of the total recharge. Combined
discharge through seepage faces was nearly twice the discharge to the channel
above station NP-3, Evapotranspiration from the water table was estimated to
be 20 em/yr. Including evapotranspiration from the root zone would give a
total annual rate of 70 cm/yr, or 77 percent of the calculated potential rate.
This agrees closely with the evapotranspiration estimate obtained from the
Penman equation, as described earlier.

Table 5.--Recharge and discharge values calculated
by steady-state model.

[All values are in centimeters per vear]

Recharge sources Discharge sites
Infiltration from Evapotranspiration 20.0
precipitation 46,0

NP-1 channel 2,2
Underflow from
bed rock 10.4 NP-3 channel 10.0
Leakage from French drain 2,1

outfall channel 3.7
Low~level waste
treatment system 2,2

Franks Creek tributary 14.5

Other seepage faces 9.0
TOTAL 60.1 60.0

The distribution of discharge rates simulated by the model is plotted in
figure 19; the distribution of evaporation is shown in figure 20. The main
discharge areas were on the southeast houndary of the plateau along Erdman
Brook and on the northern part of the plateau near the NP-1 and NP-3 channels.
Evapotranspiration from the water table, which is restricted to areas where
the depth to water is less than 1 m, occured mainly in the wetland area on the
north plateau and along the north boundary near the seepage faces.
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The most significant discrepancies between the hydraulic-head distribu-
tion generated by the model and the measured water—table altitude were near
seepage faces along the plateau's southeastern perimeter. Water levels gener-
ated by the model were 2 to 3 m above land surface in several grid cells along
this discharge boundary. This difference is attributed to the uniform grid
spacing selected for the model, which resulted in an abrupt change in average
saturated thickness along a flow path approaching the boundary. Decreasing
the grid spacing by 50 percent along this boundary lowered the simulated water
levels by 1 to 2 m, as shown in figure 21. (
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Figure 21.--Simulated ground-water levels near a seepage face based on
variable-grid and uniform-grid spacing. (Location of section
shown on fig. 18.)

Transient—-State Simulations

Transient-state simulations of the ground-water-level response to varia-
tions in monthly recharge and evapotranspiration were used to estimate the
specific yield of the surficial sand and gravel and to verify the hydrologic
values obtained from steady-state simulations. Transient-state simulations’
represented an annual climatic cycle beginning in October 1982, a period when
water levels were close to the mean levels used to calibrate steady-state
simulations. The hydraulic-head distribution computed by the calibrated
steady—-state model was the initial condition used in the transient-state simu-
lation. The transient simulation was divided into 12 one-month periods for
which average monthly values of evapotranspiration, recharge, and underflow
were specified. Each monthly period was simulated as four time steps to
dampen the effect of abrupt changes in recharge from month to month. A 2~-year
period was simulated by repeating the annual cycle to minimize the effect of
error in the initial water levels specified in the transient-state model.

39



Calibration

Ground-water levels computed by transient-state simul ations were compared
with average monthly levels recorded in wells 80-1 through 80-8 from October
1982 through September 1983, and computed ground-water discharges to streams
were compared with base-flow hydrographs recorded at stations NP1 and NP3.

The sensitivity of predicted water levels to changes in storage was tested
through a range of specific yield values, and the sensitivity of water levels
to monthly recharge was tested through the two sets of monthly recharge rates
given in figure 13. Underflow through the upland boundary of the modeled area

was adjusted by a factor proportional to the recharge assumed to occur in each
month.

Sensitivity

Water levels computed by the transient-state model were sensitive to
monthly recharge rates and less sensitive to specific yield. Comparison of
computed with observed water levels at wells 80-3 through 80~6 (fig. 22) shows
that the computed water levels follow the observed seasonal fluctuations but
are of lesser magnitude. The discrepancy between computed and observed water
levels can largely be attributed to error in the timing and amount of recharge
specified in the transient-state model; water levels were also affected by the
value of specific yield (fig. 23). The lower value of specific yield (0.10)
produced a close approximation of the large water—level fluctuations recorded
in wells 80-4, 80-5, and 80-6, whereas a specific yield of 0.20 produced a
better match for the other wells.

Computed base flow at stations NPl and NP3 was sensitive to drain con-
ductance (fig. 24). Ground-water discharges predicted from average drain
conductances obtained through steady-state simulations did not correspond
closely to the estimated base flow at these two stations. The discrepancies
between computed and observed discharges can largely be attributed to seasonal
changes in drain conductance. As shown in equation 6 and figure 15, drain
conductance is directly proportional to the average cross—sectional flow area
entering the drain and therefore to the height of the seepage face on the
channel bank. Because the saturated thickness of the surficial gravel
draining to the stream channel varies throughout the year, the conductance of
the channels can be assumed to vary as well.

In a separate transient—state simulation, drain-conductance values for
each month were adjusted by a factor proportional to the saturated thickness
of adjacent grid cells computed in a previous simulation that assumed constant
drain conductance. The discharges at stations NP-1 and NP-3 predicted from
variable drain conductances were closer to the observed base-flow values and
did not substantially alter the resulting water—level hydrographs (fig. 24).

Results

Hydrographs of measured and simulated ground-water levels at wells 80-1
through 80-8 are presented in figure 25; measured and simulated ground-water
discharges to channels above stations NP-1 and NP-3 are plotted in figure 24.
Model predictions were obtained from the set of optimum hydrologic values
listed in table 4, the set of monthly recharge rates calculated from equations
3 and 4, and values of specific yield ranging from 0.10 to 0,20.
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Figure 22.--Observed ground-water levels in four wells in relation to
seasonal recharge computed by soil-moisture-deficit method
and by soil-moisture model of Steenhuis and others (1983).
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Figure 23.--Observed departures of ground-water levels from initial level
at wells 80-3 and 80-4 in relation to simulated values computed
from two magnitudes of specific yield.

The well hydrographs generated by the transient-state model (fig. 25)
closely correspond to recorded water levels., Simulated ground-water
discharges follow the annual pattern of high flow in the winter and spring and
declining flow through the summer. Fluctuations of both simulated ground-
water levels and discharges are less extreme than those observed, mainly
because of the timing, volume, and distribution of recharge. Error in esti-
mating the lateral distribution of hydraulic conductivity and specific yield
would also cause simulated values to deviate from observed values.

Di screpancies between computed and observed discharge can be partly
explained by error in the recharge specified in the model; other sources of
error could be seasonal factors that affect drain conductance, such as (1) the
lengthening of drainage channels during wet periods, and (2) reduced perme-
ability of the interface between aquifer and drain surface during dry periods.
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Figure 24.--Measured ground-water discharges at sites NP-1 and NP-3 in

relation to discharges simulated from conmstant and variable
drain-conductance values.
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DEVIATION FROM INITIAL WATER LEVEL, IN METERS
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Figure 25.--Measured and simulated water levels
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MODEL APPLICATION

Tritiated water could infiltrate into the surficial sand and gravel on
the north plateau from leaking storage facilities or accidental spills during
transport of liquid materials. The ground-water flow model can be used to
predict the flow path and velocity of this water, although it neglects the
effects of radioactive decay and of mixing during transport. Steady-state
simulations calculated flow paths and traveltimes of water from two potential
gsources of tritium in the reprocessing facility--the main plant building,
including the fuel-storage pool, and the high-level 1iquid-waste-tank complex.
Past migration of tritiated water from the low-level waste-treatment system
was also simulated, and the results were compared with tritium concentrations
measured in 1974,

Ground-Water Movement

Ground-water flow paths and velocities were calculated from the volu-
metric flux across cell boundaries computed by the steady—-state model for each
grid cell. The volumetric flux is related to the average linear velocity, V
(m/d), by: _

VvV =

ad

(8)
where: = volumetric flux, m3/d,

porosity of the saturated material, dimensionless, and
= average cross-sectional flow area, m?2.

> 8 0l
i

V is defined as the ratio between the traveled distance of a ground-water
tracer and its time of travel (Freeze and Cherry, 1979, p. 79). The average
cross—sectional flow area of a grid cell in the model was assumed to be the
product of the saturated thickness of the cell and the grid spacing. The
porosity of the surficial gravel was assumed equal to values of specific yield
obtained in transient-state simulations. The average linear velocity calcu-
lated for each grid cell was plotted as a vector to indicate the rate and
direction of ground-water flow.

Ground-water flow paths through the north plateau as predicted by the
steady-state model are plotted in figure 26. Most of the ground water
entering the north plateau through the upland (southwestern) boundary is
diverted by building foundations and backfill associated with the main plant
facility to seepage faces above the tributary to Franks Creek. Ground water
flowing through the northwestern part of the plateau discharges to the NP-l
channel and the wetland above the NP-3 channel.

Predicted ground-water flow paths from the main plant to discharge points
along the east boundary of the plateau are shown in figure 27, which also
indicates traveltimes from the fuel-storage pool and the high—-level liquid-
waste—~tank complex to discharge points. The final destination of a slug of
water traveling through the surficial sand and gravel will depend upon where
it is introduced. The model predicted that the NP-3 channel and the french
drain will intercept most of the flow downgradient from these two potential
sources and that the remainder will be discharged at seepage faces along the
east boundary of the plateau. Water from the main plant area would reach the
NP-3 channel and french drain within 500 days and would arrive at the seepage
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faces within 800 days. The area of high permeability northeast of the main
plant building (fig. 11) significantly decreased the traveltime of water
flowing to the NP-3 channel.

Doubling the model hydraulic conductivity did not significantly alter
these traveltime predictions, mainly because it created a lower hydraulic gra-
dient in the area of higher permeability, which leaves the ground-water veloc—
ity unchanged. Decreasing hydraulic conductivity by 50 percent increased trav-
eltimes from the main-plant area to the NP-3 channel from 500 days to 800 days.

Analysis of Past Tritium Migration

Before the detection of tritium in ground water in 1972, lagoons 4 and 5
were leaking, and the channel above station NP-3 had not been constructed.
These conditions were incorporated into the model by draining the model wet-
land through the former channel above station NP-2 and simulating infiltration
from the lagoons as leakage through a confining layer. The amount of leakage
predicted by the model was 0.6 L/s, or nearly 50 percent of the total esti-
mated volume of wastewater processed (P. Burn, West Valley Nuclear Service
Center, oral commun., 1984)., Although this leakage value is unrealistically
large, it represents a "worst case” from which to interpret model results.

St eady-state ground-water flow paths in 1972 were predicted from the opti-
mum hydraulic values shown in table 4. Because annual precipitation in 1972
(117 cm) was greater than the annual rate of 92 cm/yr used to estimate recharge
for the steady—-state calibration, it is likely that the recharge rate in 1972
was also greater than assumed. The increased recharge in steady-staté simula-
tions did not have a significant effect on ground-water flow paths through the
north plateau, however.

The 1972 ground-water flow paths predicted by steady-state simulation are
plotted in figure 28 with tritium concentrations in ground-water samples
collected in 1974. The flow lines indicate that leakage from lagoons 1, 4,
and 5 moves to the french drain and seepage faces along the eastern boundary
of the plateau and do not indicate migration of tritium from lagoons 4 and 5
to the wetland, even at the higher simulated rate of leakage.

Tritium data from 1978 (fig. 6) indicate that tritium levels in ground
water west of lagoons 4 and 5 and in the wetland declined after lagoons 4 and
5 were sealed in 1972, 1If this decline was caused by the sealing of the
lagoons, some mechanism such as dispersion or flow through a buried conduit is
needed to explain the lateral migration across the prevailing hydraulic
gradient. However, tritium concentrations between the hardstand and the main
plant building remained elevated in 1978, which suggests other sources. The
measured water levels (fig. 10) and estimated distribution of hydraulic con-
ductivity (fig. 11) indicate that most of the ground water discharging to the
wetland would follow the buried channel on the till surface northward from the
reprocessing plant. Reprocessing activities were halted in 1972; thus, the
tritium sources responsible for contamination of the wetland could have been
along this flow path and removed since then, which would explain the general
decline in tritium concentrations. The potential sources mentioned earlier--
storage of tritiated material on the hardstand, leakage bheneath the reproc-
essing plant, and fallout from the ventilation stack, are likely sources of
the tritium in the wetland.
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SUMMARY AND CONCLUSIONS

A 3-year study was conducted from 1980 through 1983 at the Western New
York Nuclear Service Center near West Valley, N.Y., to investigate the hydro-
geology and ground-water flow near the former nuclear-fuel-reprocessing plant
and its facilities. Radioactive materials are stored within the reprocessing
plant and in burial grounds at the site. Tritiated water is stored in a
lagoon system near the plant and released under permmit to a nearby stream
channel,

A two-dimensional finite-di fference model was developed to simulate
ground-water flow in the surficial sand and gravel deposit underlying the
reprocessing plant. The 41l.4-ha deposit overlies a till plateau that abuts an
upland area of siltstone and shale on its southwest side and is bounded on the
other three sides by deeply incised stream channels. The channels drain to
Buttermilk Creek, a tributary of Cattaraugus Creek, which drains to Lake Erie.

The ground-water flow model provides a reasonably accurate simulation of
lateral ground-water flow through the surficial sand and gravel on the north
plateau. Steady-state simulations closely matched the average of ground-water
levels recorded in 23 observation wells and ground-water discharges measured
at gaging stations NP-1 and NP-3 and the french drain. Transient-state simu-
lations indicated that the model could reproduce seasonal changes in ground-
water levels by having the recharge and evapotranspiration rates varied
monthly. Transient-state simulation of ground-water discharges matched
observed base-flow hydrographs most closely when the values of drain
conductance were varied monthly.

Model—-generated ground-water levels and discharges were found to be sen-
sitive to the values of recharge and drain conductance. Error in the cali-
brated values of these terms would affect the ground-water budget predicted by
the model or the simulated volume of ground water flowing through the system.
However, model predictions of ground-water flow paths and velocities were
relatively insensitive to these terms,

Conclusions from the model analysis can be summarized as follows:

l. Model simulations indicated that most ground water flowing from potential
sources of tritium near the main plant building would discharge into the
stream channel above station NP-3 or the french drain. Some ground water
originating near the main plant would discharge through seepage faces
along the southeast border of the plateau.

2. The estimated traveltime of ground water from the main plant building to
the closest discharge point, calculated from hydraulic conductivity and
porosity (assumed equal to specific yield) values obtained through model
calibration, was 500 days. Doubling the hydraulic conductivity did not
significantly alter this estimate, but decreasing hydraulic conductivity
by 50 percent increased the traveltime to 800 days.

3. The model was used to investigate possible sources of the tritium that was
found in the wetland on the north plateau in 1972. Although the tritium
levels declined after wastewater lagoons 4 and 5 were sealed in 1974,
ground—-water flow paths predicted by steady-state simulations did not
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indicate the lagoons to be a probable source of the tritium. Possible
reasons for the migration of tritium from the lagoons to the wetland could
include other tramsport processes, dispersion, or buried conduits. Alter-
natively, the tritium could have infiltrated to the wetland from other
sources.

Calibrated model values of hydraulic conductivity of the surficial sand and
gravel ranged from 0.6 to 10.0 m/d. The highest values were applied to an
area northeast of the main plant building that overlies a buried stream
channel incised in the surface of the till. This high permeability sig-
nificantly decreased traveltime of ground water from the main plant
building to the NP-3 channel.

More than 75 percent of the ground water on the north plateau (46 cm/yr) is
derived from precipitation. Underflow from the fractured bedrock along the
upland (south) boundary of the plateau and leakage from the outfall channel
from the main plant building into the sand and gravel account for the
remainder. Evapotranspiration from the North Plateau totals about 20
em/yr. Ground-water discharge through seepage faces along the periphery

of the plateau totals 3.0 L/s, and discharge to the NP-3 channel totals 1.3
L/s. Discharges to the NP-1 channel, the french drain, and the low-level
radioactive wastewater—-treatment system account for the remaining 0.8 L/s.
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APPENDIX
ESTIMATION OF HYDRAULIC CONDUCTIVITY

Estimates of hydraulic conductivity of the surficial sand and gravel were
derived by applying the method of Cooper and others (1967) to the results of
slug tests done at eight observation wells. The application of the Cooper
method is described in Bergeron and others (1987), and values of hydraulic
conductivity obtained from the slug-test data are summarized in table A-l.

The Cooper method assumes that an instantaneous slug of water is added to a
well that fully penetrates a confined, water-bearing layer and that the flow
from the well is therefore horizontal with no vertical component.

The geometric mean hydraulic-conductivity value of 0.6 m/d given in table
A-]1 served only as a starting point in the development of the model because
these assumptions were not fully met on the north plateau. First, ground
water in the sand and gravel is unconfined; thus the saturated thickness near
the well changed during slug tests, which gave rise to vertical flow compo-
nents. The assumptions were more valid for wells in which the saturated
thickness was large relative to the initial increase in water level, whereby
the variation in saturated thickness was relatively smaller.

The water level in the well dropped substantially before the first water—
level measurement could be made because of the rapid movement of water from
the well to the gravel. This problem was partly mitigated by the small
diameter (5 cm) of the observation wells, but initial water levels were
extrapolated from the data for use by the Cooper method. An error of 25 per-
cent in the initial water-level estimate resulted in an error of more than 40
percent in the calculated hydraulic conductivity.

Table A-1.--Hydraulic-conductivity values for sand and
gravel on the north plateau as determined

from slug-test data by the method of Cooper
and others (1967).

[Well locations are shown on pl. l.]

Initial
Hydraulic Sa turated increase
Well conductivity thickness in water
number {m/d) (m) level (m)
80-1 2.5 4,5 1.0
80-2 o2 2.5 1.1
80-3 7.9 1.0 0.7
80-4 o2 1.6 1.2
80-5 o2 3.3 1.1
80-6 ol .8 1.7
80-7 oh .6 1.2
80-8 1.5 2.8 2.0

Geometric mean 0.6
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The lateral variation in hydraulic conductivity of the surficial sand and
gravel was investigated at 24 observation wells that had been previously
installed on the north plateau for ground-water sampling. These wells were
constructed with 15-cmdiameter perforated pipe, so rapid losses of water to
the unsaturated zone during a slug test precluded the application of the
method of Cooper and others (1967) to determine hydraulic conductivity.
Therefore, relative estimates of hydraulic conductivity were calculated from
punping and slug-test data from these wells.

Data on well yields were obtained from records of the previous site oper—
ator. The yields were calculated from the maximum discharge that could be
derived from the wells after 30 minutes of pumping. These data (table A-2)
were normalized by dividing the yileld by the saturated thickness recorded at
each well. During slug tests performed in this study, 80 liters of water were
introduced into each well, and the rise in water level was measured after 30
seconds. (These data are also listed in table 3.) Regression analysis of the
normal ized yield in relation to water-level rise indicated an inverse linear
relationship between the two variables (F = 17.6 at the 90-percent confidence
interval; the slope of the line was significantly different from zero).
However, the regression equation was a poor predictor of the variance of nor-
malized yield (r? <0.5; less than 50 percent of variance was explained by
regression) (Draper and Smith, 1981, p. 32).

Examination of the surface elevation of the upper till unit near the main
plant building (fig. A-1) indicates that a buried stream channel underlies
part of the sand and gravel where many of the sampling wells are located. The
channel may be an erosional feature that marks the location of a former stream
channel cut into the surface of the till plateau. To test the hypothesis that
the buried channel may affect the hydraulic conductivity at the wells, the
data in table 7 were subjected to a box-plot analysis. Box—plot analysis is a
nonparametric statistical technique used to determine whether groups of data
are significantly different from each other (Velleman and Hoaglin, 1981,

p. 65).

Results of a box-plot analysis are given in figure A-2, which uses three
hydraulic-conductivity categories from table A-2 to group the data. The plots
indicate that the distribution of data from wells over the buried channel
(group 2) is significantly different from that for wells south of the channel
(group 1), as evidenced by the lack of overlap in the data. This indicates
that the hydraulic conductivity of the sand and gravel overlying the buried
channel is higher than that of the gravel east of the channel at a signifi-
cance level of 5 percent. The sand and gravel west of the channel (group 3)
is also significantly different from the other two areas and has an inter-
mediate hydraulic conductivity value. These findings were incorporated into
the model and are discussed in the section on the results of steady-state
simulations.
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Table A-2.--Relative measures of hydraulic conductivity developed from
punping and slug-test data from 15-em-diameter wells.

[Locations of wells and buried channel are shown in fig. A-1l.]

Hydraulic
Water—level rise conductivity
30 seconds after group
Well yield normalized addition of 30 used in
by saturated thickness liters of water statistical
Well (L/s)/m (m) analysis!
B <.002 1.32 1
E .004 2.01 1
F .010 1.50 1
J-1 .186 .66 3
J-2 .064 .65 3
J-4 .031 .76 3
J-6 .079 1.15 3
J-7 .052 .73 2
J-8 .110 JAb 2
J-9 .103 .81 1
K .010 1.43 1
L-2 .010 1. 40 1
L-3 .010 2.11 1
L-4 >.103 .83 2
L-5 .058 .29 2
M-1 Y. 145 79 2
M-2 >.074 .16 2
M-3 >.093 <45 2
M-5 .116 .34 2
N-2 .006 .87 3
N-3 .037 1. 64 3
P . 103 21 2
Q .103 73 1
R .010 1.35 1
1 Hydraulic- Re lative
conductivity hydraulic Number of
group Location _conductivity observations
1 East of buried channel Low 9
2 Over buried channel High 9
3 West of buried channel Intermedi ate 6
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Figure A-2.--Results of box-plot analysis illustrating differences
in hydraulic conductivity at observation wells grouped
as high, mediun, or low according to their location
in relation to the buried channel,
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